One primiparous and 3 multiparous lactating Holstein cows fitted with ruminal and duodenal cannulas were used in a 4 × 4 Latin square design to determine the efficacy of adding urea to a corn silage-based diet on ruminal fermentation and microbial protein synthesis. Dietary treatments were 0, 0.3, 0.6, and 0.9% urea in diet dry matter (DM); urea was manually top dressed and incorporated into the ration. The basal diet contained (DM basis) 52% forage (with 61% of forage provided as corn silage) and 48% concentrate ingredients. The basal diet was formulated to meet National Research Council (NRC, 2001) requirements for energy and all nutrients except rumen-degradable protein (RDP) and metabolizable protein. Experimental periods lasted 14 d with the first 9 d for adaptation. The basal diet, without urea addition, contained 9.2% RDP in DM and had a predicted RDP balance of −167 g/d (NRC, 2001) . There were no effects of dietary treatment on ruminal true digestibility of organic matter or ruminal apparent digestibility of neutral detergent fiber and acid detergent fiber. Total ruminal volatile fatty acid concentrations increased linearly with increasing urea level. Feeding increasing amounts of urea quadratically increased rumen ammonia N concentrations (9.0, 11.9, 12.8, and 17.4 mg/dL at 0, 0.3, 0.6, and 0.9% urea supplementation, respectively), passage of microbial N, and microbial N in duodenal digesta as a percentage of nonammonia N. The results of this study indicate that there were some positive effects of adding urea to the described lactating dairy cow diet, and that microbial protein synthesis was maximized at an average 5619 ruminal ammonia N concentration of 12.8 mg/dL when urea was added at 0.6% in diet DM.
INTRODUCTION
Corn silage continues to be the primary forage fed to lactating dairy cows in the Northeast region of the United States and is growing in popularity in other parts of the country. Corn silage is an excellent forage for lactating cows because of its high content of digestible energy. However, corn silage contains considerably less RDP compared with other high quality forages (NRC, 2001) . Consequently, the use of corn silage may require greater supplementation of diets with RDP. Urea has long been known to be a successful replacement for some of the degradable true protein in corn silage based diets (Holter et al., 1968; Van Horn et al., 1969) .
Maximizing ruminal synthesis of microbial protein is considered beneficial because the AA profile of microbial protein is believed to more closely match the required profile of AA by the host animal than most feed proteins (NRC, 2001) . Rumen microorganisms meet their N requirements for protein synthesis from the mixture of ammonia, free AA, and peptides that is released as a result of microbial degradation of dietary RDP and recycled CP. The specific requirements of mixed populations of rumen microbes for ammonia, AA, and peptide N for maximal synthesis of microbial protein and fermentation of the diet have yet to be defined (Jones et al., 1998) . Matching the supply of rumendegradable N sources with the quantity required by rumen microbes will maximize the capture of the degradable N as microbial protein (NRC, 2001) .
Much research has been dedicated to defining the optimum ruminal ammonia N concentration for maximal synthesis of microbial protein (Hume et al., 1970;  Satter and Slyter, 1974; Slyter et al., 1979; Kang-Meznarich and Broderick, 1981) and maximum rates of ruminal digestion of feed (Hume et al., 1970; Mehrez et al., 1977; Kang-Meznarich and Broderick, 1981; Erdman et al., 1986; Odle and Schaefer, 1987) . Reported ruminal ammonia N concentrations considered optimum to support maximum synthesis of microbial protein and rate of ruminal fermentation range from 2 to 13 mg/dL and from 3 to 25 mg/dL, respectively. The experimental units (fermentors in continuous culture, sheep, steers, and nonlactating cows), diets, and methods for increasing ammonia N concentrations (e.g., urea infusion, ammonium acetate fed hourly, etc.) varied in these studies, which could explain the discrepancies in the reported values. In addition, to our knowledge, the optimal ruminal ammonia N concentration for maximum synthesis of microbial protein or for maximum ruminal digestion of feed has not been determined in lactating cows fed conventional diets supplemented with urea. Because of the variation in reported values for optimal ruminal ammonia N concentrations and the lack of studies involving lactating dairy cows fed conventional diets formulated to meet nutrient requirements for lactation, a better understanding of the relationships between ruminal ammonia N concentrations and ruminal Journal of Dairy Science Vol. 90 No. 12, 2007 fermentation in lactating cows is needed. The objective of this study was to determine if there was a benefit to ruminal fermentation by adding urea to a conventional corn silage-based diet fed to lactating dairy cows, and if so, to determine the mean ruminal ammonia N concentration that was required to maximize microbial protein synthesis, digestibility of diet OM, and rates of ruminal degradation of selected feedstuffs.
MATERIALS AND METHODS

Experimental Design and Treatment Diets
Two multiparous and 2 primiparous Holstein cows previously fitted with ruminal and duodenal cannulas were assigned to 1 of 4 treatments in a 4 × 4 Latin square design. After the first period of the experiment, one of the primiparous cows went off feed and was replaced with another cannulated multiparous cow for periods 2 to 4. Dietary treatments were 0, 0.3, 0.6, and 0.9% urea in diet DM. Dietary urea treatments were weighed using sepiolite as an inert carrier. Urea and sepiolite were weighed separately in the laboratory and then combined and mixed thoroughly. Sepiolite was included at a rate of 0.6% of diet DM, regardless of treatment level. Urea/sepiolite mixtures were top dressed and manually incorporated into the TMR at each feeding. All cows were fed the same basal diet (Table 1) that was formulated to be deficient in RDP (−167 g/d; NRC, 2001 ) when urea was not added to the diet ( Table 2) .
The cows originally assigned to the study were 203 to 228 DIM at the beginning of the experiment. The cow that was assigned to the study at the beginning of the second period was 19 DIM. Experimental periods were 14 d with a 9-d adaptation. The basal diet was fed 3 wk before the start of the study to adapt the cows to this diet.
Intakes of DM were calculated daily, and amounts of dietary treatments were adjusted based on level of DMI on d 3, 6, and 10 of each experimental period. Cows were fed in individual feed tubs that were closed before feeding and remained closed until the treatments were thoroughly mixed into the TMR.
Management and Feeding
All procedures related to animal care were conducted with the approval of the University of New Hampshire Institutional Animal Care and Use Committee. Cows were housed in a naturally ventilated tie-stall barn. Cows were milked and fed 3 times daily at 8-h intervals (0500, 1300, and 2100 h). Cows were fed 20% of their total daily feed allotment at 0500 h, 50% at 1300 h, and 30% at 2100 h for ad libitum feed intake. The basal diet (Table 1) was fed as a TMR and was prepared by weighing each ingredient and mixing in a mobile drum mixer (Data Ranger; American Calan Inc., Northwood, NH). The basal diet was prepared using fresh feed before each feeding. Feed offered was adjusted daily to achieve 5 to 10% orts. Orts were collected and weighed daily at 1100 h. Cows were milked in a milking parlor with automatic take-offs and milk meters. Milk weights were recorded at each milking. Cows were weighed on 2 consecutive days in the middle and at the end of the study. Two independent scorers assigned BCS in the middle and at the end of the study. The BW and BCS (mean ± SD) were 668 ± 93 kg and 3.56 ± 0.18, respectively.
Chromium oxide (Cr 2 O 3 ) was used as a digesta flow marker for estimating passage of DM to the small intestine. Seven grams of Cr 2 O 3 (C333-3, Fisher, Fair Lawn, NJ) was weighed into 28-g porcine gelatin capsules (Torpac, Fairfield, NJ) and dosed 3 times daily. Capsules were placed into the middle of the rumen mat by inserting a balling gun into a slit cut into the stopper of the ruminal cannula at 0500, 1300, and 2100 h. Chromium oxide was dosed beginning 3 d before the start of the experiment and continued daily throughout the experiment. 
Feed Sampling and Analysis
For adjustment of daily feed offered and adjustment of dietary treatments, samples of silage, TMR, and orts were collected Sunday through Friday. Composites of each sample were made twice weekly to determine DM using a microwave oven (R-209HK, Sharp, Mahwah, NJ) and particle size distribution using the Penn State Particle Separator (Heinrichs, 1996) .
In addition, silages and concentrates were sampled on 1 d during each of the 4 sample collection weeks for nutrient analysis. Alfalfa hay was sampled via core sampling upon delivery (approximately 2 mo before the start of the experiment). Silages were dried to an approximate 88% DM in a forced hot air oven at 60°C to minimize the loss of volatiles, and the concentrate feed ingredients were dried at 60°C for 6 h (VWR Scientific, West Chester, PA). The dried silages and concentrate feeds were allowed to equilibrate to room temperature (23°C), and then were ground to pass a 1-mm screen using a Wiley mill (Thomas Scientific, Swedesboro, NJ). Composites were made of each dried feed across periods and analyzed for DM, NDF, ADF, neutral detergent insoluble CP, acid detergent insoluble CP, CP, fat, NSC, starch, ash, and minerals ( All required animal and feed data were entered into the NRC (2001) model to determine the chemical composition of the basal diet and its nutritional adequacy (Table 2) . Model default values were used for the N fractions, the digestion rates of fraction B (except for corn silage, ground corn, and soybean meal (SBM), which were determined in situ), RUP digestibility, and processing adjustment factors. Actual average lactation number, DMI, DIM, days pregnant, BW, BCS, milk yield, and milk components were inputted.
Duodenal, Rumen, Blood, and Milk Sampling
Duodenal samples were taken every 6 h on d 9 to 12 of each experimental period for a total of 16 samples per cow per period. Sampling began 1.5 h later on each successive sampling day so that the 16 samples represented every 1.5 h of a 24-h day. The first 500 mL of a sample was discarded and the next 1,000 mL was collected. Samples were pooled per cow per period upon collection and stored frozen (−10°C). The frozen composite samples were thawed at the end of each experimental period and homogenized using a 3.8-L commercial blender (Waring Products Division, New Hartford, CT). Four subsamples of each composite were collected. Two of the subsamples were lyophilized (Labconco, Kansas City, MO) for 56 h, and the other 2 subsamples were frozen for analysis of ammonia. Rumen fluid was sampled concurrent with duodenal sampling. Rumen fluid was collected by inserting a polyvinyl chloride pipe (i.d. = 1.3 cm) into the slit of the ruminal cannula stopper and applying a manual vacuum. Approximately 500 mL of rumen fluid was collected from at least 3 sites in the rumen (front, middle, and back) approximately 48 cm deep. The pH of the fluid was determined immediately, and then the rumen fluid was strained through 2 layers of cheesecloth. Two 40-mL samples of strained fluid were added to 2.4 mL of 0.6 N HCl and retained for analysis of ammonia and total free AA. A 1-mL sample of rumen fluid was added to 0.02 mL of 50% H 2 SO 4 and retained for VFA analysis. Samples retained for ammonia, AA, and VFA analysis were immediately frozen.
Ruminal particle-associated and fluid-associated bacteria were isolated from ruminal digesta at 0700, 1100, 1500, and 1900 h on d 10 and at 0900, 1230, and 1700 h on d 12. Isolation of bacteria followed the procedures of Whitehouse et al. (1994) and Putnam et al. (1997) . Isolated bacteria were lyophilized, and fluid-and particle-associated bacteria were then combined.
Blood was collected by venipuncture of the coccygeal vein at 1500 h on d 9 and 11 of each period. Blood was collected in 10-mL evacuated tubes (Vacutainer, Becton Dickinson, Rutherford, NJ) containing sodium heparin. Blood tubes were immediately placed into an ice bath and centrifuged (Centra, International Equipment Journal of Dairy Science Vol. 90 No. 12, 2007 Company, Needham Heights, MA) within 45 min at 3,300 × g for 20 min at 5°C. An aliquot of plasma was deproteinized by vortexing (Vortex Genie, Scientific Industries Inc., Springfield, MA) 4 volumes of plasma with 1 volume of 15% sulfosalicylic acid; centrifugation followed at 3,300 × g for 20 min at 5°C. The supernatant was collected and equal aliquots were placed into Nunc Cyro Tube vials (Nalge Nunc International, Roskilde, Denmark) and stored at −80°C until analyzed.
Milk samples were obtained from each cow during the a.m., noon, and p.m. milkings on d 12 and 13 of each period. Samples were preserved with 2-bromo-2nitropropane-1,3-diol (1 tablet per 40 mL of milk). Samples were refrigerated until they were composited daily by milk weights to reflect the proportion of the milk given at each milking.
Analytical Procedures
The lyophilized duodenal samples were ground to pass through a 1-mm screen using a Wiley mill for analysis of ADF, NDF, CP, fat, ash, and starch done by Dairy One DHI Forage Testing Laboratory (Ithaca, NY). Duodenal digesta was analyzed in duplicate for DM at 100°C for 6 h in a vacuum oven (National Appliance Co., Portland, OR). A subportion of the ground duodenal digesta was further ground to pass through a 40-m screen (Arthur H. Thomas Co., Philadelphia, PA) for purine and AA analyses. Lyophilized, isolated rumen bacteria were also ground to pass through a 1- mm screen using a Wiley mill. This portion of the bacteria was used for fat, CP, and ash analysis. A subportion of the rumen bacteria was further ground to pass through a 40-m screen for purine analysis. A portion of the duodenal sample that was ground through a 1-mm screen was used for Cr analysis via inductively coupled plasma optical emission spectrophotometry (Varian Instrument, Walnut Creek, CA) using the method reported by Williams et al. (1962) . Briefly, 0.5 g of duodenal sample was ashed at 500°C for 4 h. Samples were cooled at room temperature (23°C) and then were digested with a phosphoric acidmanganese sulphate solution and potassium bromate. A recovery test was also used to determine the accuracy of the procedure. Twenty milligrams of Cr 2 O 3 was added to and thoroughly mixed with 3.98 g of dried, ground duodenal sample from a cow that was not dosed with Cr 2 O 3 . One-half of a gram of this sample was then ashed and digested as described above. Recovery of the Cr from this sample averaged 94%.
Journal of Dairy Science Vol. 90 No. 12, 2007 Analysis of duodenal digesta and rumen bacteria samples for purines was conducted using the method of Makkar and Becker (1999) , with some modifications. The amount of sample weighed out for analysis was 0.350 g for duodenal digesta and 0.125 g for rumen bacteria. Also, the time of the first centrifugation step was increased from 10 to 30 min to ensure complete capture of purines in the pellet. The proportion of the duodenal total N that was of bacterial origin was calculated by dividing the N to purine ratio of the mixed rumen bacterial cells by the N to purine ratio of duodenal digesta.
Frozen samples of ruminal and duodenal fluid were allowed to thaw at room temperature and then analyzed for ammonia concentration (407A Specific Ion Meter, Orion, Boston, MA) according to the method of Schwab et al. (1992) . Thawed rumen fluid was analyzed for VFA concentrations via gas chromatography following the procedure of Yang and Varga (1989) . Analysis of rumen fluid for total free AA was conducted on composite sam-ples for each cow from each period. Two milliliters of rumen fluid from each collected sample was used to make up the composites. Total free AA were determined using a fluorimetric procedure based on reaction with o-phthalaldehyde (Roth, 1971) . Leucine was used as the standard in the o-phthalaldehyde assay. Total free AA are reported in leucine equivalents.
Plasma and lyophilized duodenal digesta (ground to pass a 40-m screen) were analyzed for AA concentrations via ion-exchange chromatography (AOAC, 2000, Experimental Station Chemical Laboratories, University of Missouri-Columbia, Columbia). Milk samples were analyzed for true protein, fat, and urea by midinfrared spectrophotometric analysis with a Foss 4000 (Dairy One, Northeast DHIA Laboratory).
In Situ Procedure and Analysis
Due to practical limitations of rumen size and the limited number of days available for ruminal incubation studies, only corn silage, ground corn, and SBM were evaluated. These feedstuffs were selected for incubation because they represented the primary forage, energy concentrate, and protein supplement in the diets. The in situ method used followed the procedures of Lykos and Varga (1995) . The corn silage samples were dried at 55°C in a forced-air oven and concentrate ingredients were air-dried. All dried samples were ground to pass a 2-mm screen using a Wiley mill. Polyester bags (Ankom Technologies, Macedon, NY) with a mean pore size of 50 m and dimensions of 10 × 20 cm were used. Approximately 7.4 g of sample was weighed into the bag, and the bags were tied with plastic fastening ties 2 cm below the top of the bag. All samples were incubated in duplicate for the first 24 h, and after this time, 4 bags per sample were incubated for each time point. The bags were incubated in the rumen for 0, 2, 4, 8, 12, 16, 24, 36, and 48 h. Bags were inserted in reverse order and retrieved at 0 h. The first set of bags were placed in the rumen after the last rumen sample was collected on d 12 and all bags were removed from the rumen on d 14 of each period.
Calculations and Statistical Analysis
Apparent and true digestibility of nutrients in the rumen were calculated as follows (using OM as an example): Fractional degradation rates and effective ruminal degradabilities (ED) of DM, CP, and NDF in the rumen were calculated using the nonlinear model of Ørskov and McDonald (1979) . The PROC NLIN procedure of SAS (SAS Institute, 2001) was used to fit a lag and a nonlag model in the degradation curves of the different feedstuffs. For the nonlag model, the equation was the following
where P is disappearance (%), A is the soluble fraction (%), B is the potentially degradable fraction (%), c is the fractional degradation rate (%/h), and t is time (h).
For the lag model, the equation was
when L < t and P = A when L ≥ t, where L is lag time (h), and other terms are as defined previously. Effective ruminal degradabilities of CP and DM (nonlag model) were calculated by
where k is fractional passage rate (assumed to be 6%/ h). Effective ruminal degradabilities of NDF (lag model) were calculated by
Both models were analyzed with and without the constraint A + B ≤ 100.
The data from the cow that was removed from the experiment in period 1 was not used in the final statistical analysis. Data from the cow assigned to the study at the beginning of period 2 were used for the final statistical analysis, with period 1 treated as missing data. All intake, duodenal flow, digestibility, in situ, and production-related data were reduced to cow-period means before statistical analysis (n = 15). Data were analyzed as a Latin square design according to the following model:
where Y ijk = the dependent variable, = overall mean, U i = the fixed effect of the ith treatment level of urea, i = 1,… 4, P j = the random effect of the jth period, j = 1, … 4, c(U) ik = the random effect of the kth cow with the ith level of urea, l = 1, … 0.4, and E ijk = the random residual ∼ N (0, σ 2 e ). The following model was used for ruminal variables for which there were repeated measurements over time (pH, ammonia N, and VFA):
where Y ijkl = the dependent variable, = overall mean, U i = the fixed effect of the ith level of urea, i = 1, … 4, P j = the random effect of the jth period, j = 1, … 4, c(U) ik = the random effect of the kth cow with the ith treatment level of urea, k = 1 … 4, T l = effect of time, l = 1 … 16, UT il = interaction between level of urea i and effect of time l, C ijkl = the value of the covariate variable for the kth cow of the ith level of urea of the jth period of the lth time, and E ijkl = the random residual ∼ N (0, σ 2 e ). Data were run through 3 covariance structures: unstructured, compound symmetry, and first-order autoregressive. Compound symmetry was the covariance structure used because it resulted in the best fit according to Sawa's Bayesian information criterion.
The MIXED procedure of SAS (SAS Institute, 2001) was used to solve the above models. Linear, quadratic, and cubic contrasts were fitted within each treatment, and the PDIFF statement in SAS was used to determine differences between treatments. Results are expressed as least squares means with the lowest standard error. Significance was declared at P < 0.05 and tendencies were reported at 0.05 < P < 0.10.
RESULTS
The NRC (2001) evaluation of the consumed diets is presented in the feeds is listed in Table 3 . The RDP balance of the 0, 0.3, 0.6, and 0.9% urea diets was 92, 100, 109, and 117% of NRC (2001) predicted requirements ( Table 2) . The average amounts of urea that were fed for the 0, 0.3, 0.6, and 0.9% urea diets were 0, 63, 127, and 192 g/d, respectively. The average particle size distribution for the TMR using the Penn State Particle Separator for the top, middle, and bottom screens were (mean ± SD) 21 ± 10, 35 ± 6, and 44 ± 4%, respectively. The orts averaged (mean ± SD) 16 ± 9% of feed offered, and the particle size distribution of the orts for the top, middle, and bottom screens averaged (mean ± SD) 24 ± 11, 40 ± 6, and 36 ± 6%, respectively. Orts were similar to the TMR in distribution on the screens thus indicating that the animals did not sort the diet.
There was no effect of treatment on intake or ruminal digestibility of diet DM, OM, starch, and carbohydrate (CHO; CHO = OM − CP − crude fat), ADF, or NDF (Table 4) . Ruminal ammonia N concentrations increased quadratically with increasing urea supplementation: 9.0, 11.9, 12.8, and 17.4 mg/dL for the 0, 0.3, 0.6, and 0.9% urea diets, respectively. There was no effect of urea treatment on ruminal pH or total free AA concentrations in rumen fluid. Ruminal concentrations of total VFA increased linearly with increasing urea supplementation. However, only the 0.9% urea diet was significantly different from the other 3 treatments. There was no effect of urea supplementation on the molar proportions of acetate, propionate, or butyrate. There was no significant treatment × time interaction for ruminal ammonia N concentrations, ruminal VFA concentrations, molar proportion of VFA, and ruminal pH (data not presented). Ruminal ammonia N concen- Least squares means within the same row without a common superscript differ (P < 0.05). 1 SE = standard error for n = 4; n = 3 for 0.3% urea treatment.
2 Effective degradability of DM, CP, or NDF at assumed passage rate (kp) of 6%. trations generally increased right after feeding (Figure 1) .
There was no effect of treatment on in situ determined degradability coefficients and ED for DM and CP for corn silage, ground corn, or SBM, and there was also no effect of treatment on in situ degradability coefficients and ED for NDF for corn silage (Table 5) . Increasing levels of urea supplementation also had no effect on the rate of digestion of these feedstuffs. The potentially degradable CP fraction (B) of corn silage increased quadratically with increasing urea supplementation: 22.7, 21.3, 23.2, and 30.4% for the 0, 0.3, 0.6, and 0.9% urea diets, respectively.
Flow of ammonia N to the duodenum increased linearly with increasing urea supplementation ( There was a quadratic effect of treatment on microbial N flow to the duodenum and microbial N as a percentage of NAN. Flow of microbial N to the duodenum and microbial N expressed as a percentage of NAN were maximized with 0.6% urea supplementation and were 283 g/d and 49.4%, respectively. Flows of total N and nonammonia nonmicrobial N (NANMN, g/d) were not affected by increasing urea supplementation. However, there was a quadratic effect of treatment on NANMN as a percentage of NAN, and the lowest value for this measurement (50.6%) was observed with 0.6% urea supplementation. A quadratic trend (P = 0.06) for the efficiency of microbial protein synthesis expressed as grams of microbial N/kilogram of OM truly digested (OMTD) was observed. The largest value for this mea- Least squares means within the same row without a common superscript differ (P < 0.05).
1 NANMN = nonammonia nonmicrobial N; OMTD = OM truly digested in the rumen; CHOTD = carbohydrate truly digested in the rumen. 2 SE = standard error for n = 4; n = 3 for 0.3% urea treatment.
surement was observed with 0.3% urea supplementation (36.2 g/kg of OMTD) followed by 0.6% urea supplementation (29.9 g/kg of OMTD). Efficiency of microbial protein synthesis expressed as grams of microbial N/ kilogram of CHO truly digested (CHOTD) and grams of microbial-N/gram of RDP-N had quadratic effects with their maximum responses at 0.3% urea.
There was a quadratic effect of urea treatment on plasma total free AA concentrations: 224.4, 213.3, 202.8, and 230.1 g/dL, for 0, 0.3, 0.6, and 0.9% urea diets, respectively (Table 7) . Similar quadratic responses were observed for plasma concentrations of lysine, threonine, asparagine, citrulline, proline, taurine, total nonessential AA, and total sulfur AA. There was also a trend for a quadratic effect of urea treatment on plasma arginine, aspartic acid, and glutamine concentrations (P = 0.10, 0.08, and 0.06, respectively).
Milk yield, milk fat concentration and yield, milk true protein yield, and the efficiency of conversion of feed to milk were not affected by urea supplementation (Table  8 ). However, milk true protein concentration decreased linearly and MUN increased linearly with increasing urea supplementation. Milk protein N to feed N ratios decreased linearly with increasing urea supplementation.
DISCUSSION
Dietary Treatments
The basal diet was formulated to be deficient enough in RDP ( tions would be less than optimal and the concentration of ammonia N required for maximal synthesis of microbial protein and ruminal OM digestion could be determined. The upper limit of 0.9% dietary urea was chosen with the expectation that a maximum response could be observed. As the results indicated, both conditions were met. Urea toxicity was not a concern because of the amount of readily fermentable carbohydrates in the basal diet (41.6% NFC; Table 2 ) and because inclusion rates of 1 to 2% urea in diet DM have been used in high-grain diets without adverse effects (Poos et al., 1979) . Indeed, no signs of urea toxicity were observed in any of the animals in the study.
Optimum Ruminal Ammonia N Concentrations
The optimum ruminal ammonia N concentration has been defined as the minimum concentration of ammonia N necessary to support maximum synthesis of microbial protein (Satter and Slyter, 1974) and maximum ruminal degradability of DM (Mehrez et al., 1977) . In the current experiment, urea was added to the diet at the levels described to determine the optimum ruminal ammonia N concentration for maximum flow of microbial protein to the duodenum, ruminal digestibility of diet OM, and ruminal degradability of the primary forage, energy, and protein feeds in the diet. To determine the optimum ruminal ammonia N concentration for maximum synthesis of microbial protein, maximum ruminal fermentation, or both, concentrations of ammo- nia N that limit, maximize, and stabilize or depress these parameters need to be observed. In addition, ruminal ammonia N concentrations reported in the literature to be adequate to support maximum degradability of DM are not always adequate to support maximum synthesis of microbial protein (Kang-Meznarich and Broderick, 1981) . The optimum ruminal ammonia N concentrations reported vary between and within the Least squares means within the same row without a common superscript differ (P < 0.05). 1 SE = standard error for n = 4; n = 3 for 0.3% urea treatment.
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In the present study, measurements of ruminal digestibility of diet OM; ED of corn silage, corn, and SBM; and microbial protein synthesis are discussed in relation to the urea supplementation levels that provide the mean ruminal ammonia N concentration required to optimize these parameters.
Ruminal Digestibility
Given that there was no effect of urea supplementation on ruminal digestibility of DM, OM, starch, CHO, NDF, or ADF (Table 4) , we could not determine the optimum ruminal ammonia N concentration required to maximize these measurements. However, the lowest mean concentration of ruminal ammonia N for the control diet (9.0 mg/dL) may have been adequate, or more than adequate, for maximum digestibility of diet OM. Kang-Meznarich and Broderick (1981) observed that a ruminal ammonia N concentration of 3.3 mg/dL was adequate to support maximum ruminal digestion of DM in nonlactating cows fed a pelleted diet (75% corn, 19.5% cottonseed hulls, and 2.8% vitamins and minerals). The pellets were fed hourly and contained increasing levels of urea. Ruminal ammonia N concentrations were 1. 3, 3.3, 8.5, 13.8, 22.8, and 28 .9 mg/dL, and the respective ruminal DM digestibility values were 61, 69, 65, 69, 67, and 68% (Kang-Meznarich and Broderick, 1981) . Similarly, Balcells et al. (1993) observed little benefit on ruminal digestibility of OM when mean ruminal ammonia N concentrations were increased via continuous ruminal infusions of urea above 4.0 mg/dL in ewes fed a pelleted NaOH-treated barley straw diet once daily. The OM digestibility coefficients were 38, 43, 44, 45 , and 45 at ruminal ammonia N concentrations of 0.5, 2.5, 4.0, 6.8, and 10.6 mg/dL.
Based on the results of Kang-Meznarich and Broderick (1981) and Balcells et al. (1993) , it is possible that the ruminal ammonia N concentration required to maximize ruminal digestibility of OM in this experiment was lower than that of the lowest ruminal ammonia N concentration observed (9.0 mg/dL; Table 4 ). Similar to this finding, Reynal and Broderick (2005) also did not observe an increase in ruminal digestibility of OM with increasing ruminal ammonia N concentrations. Reynal and Broderick (2005) observed ruminal OM true digestibility coefficients of 65, 65, 66, and 65% when the mean ruminal ammonia N concentrations were 5.7, 8.7, 11.8, and 12.3 mg/dL, respectively. Reynal and Broderick (2005) fed lactating cows 50:50 forage:concentrate diets that varied in RDP and RUP concentrations. The RDP and RUP concentrations were altered by changing the amounts of solvent SBM, lignosulfonate-treated SBM, and urea in the diets. The lowest ruminal ammonia N concentrations reported by Reynal and Broderick (2005) , and in the current experiment were greater than 4.0 mg/dL. Therefore, it appears that ruminal ammonia N concentration was not a limiting factor of ruminal digestibility of OM in the diets fed in the aforementioned study, or in the present experiment.
The ruminal digestibility values calculated in the current experiment are based solely on the composition of Journal of Dairy Science Vol. 90 No. 12, 2007 the diet fed and were not adjusted for composition of orts. Orts were collected daily but were mistakenly discarded before being analyzed. Because intakes were not adjusted for composition of orts, the digestibility values may be affected slightly. However, we do not believe this error affected our ability to detect treatment effects on ruminal digestibility because we did not observe a difference in the appearance of the orts among cows, or among diets. There was a slightly greater percentage of orts on the top and middle screens of the particle separator than of the TMR, but this difference was small (21 and 35% on the top and middle screens for the TMR and 24 and 40% on the top and middle screens for the orts). This indicates that the orts may have contained a slightly greater concentration of fiber than the diets fed, which may have resulted in an increase in fiber digestibility, had it been accounted for.
Ruminal Concentrations of VFA
Increased ruminal VFA concentrations were observed with the greatest level of urea supplementation (0.9% urea diet; Table 4 ). Volatile fatty acids are the products of microbial fermentation of carbohydrates in the rumen; therefore, increased ruminal VFA concentrations are often assumed to be a result of increased fermentation of carbohydrates in the rumen. Because ruminal digestibility of carbohydrates was not affected by urea supplementation, an increase in ruminal VFA concentrations with the 0.9% urea diet was not expected.
Reported responses of ruminal concentrations of VFA to increasing ruminal ammonia N concentrations are inconsistent (Hume et al., 1970; Slyter et al., 1979; Griswold et al., 2003; Reynal and Broderick, 2005) . Slyter et al. (1979) observed an increase in ruminal VFA concentrations when ruminal ammonia N concentrations of steers were increased from 2.2 to 4.5 mg/dL, but did not observe a further increase at greater (up to 22.5 mg/dL) ruminal ammonia N concentrations. The steers were fed a 30:70 forage:concentrate diet, and ammonia N concentrations were altered by continuous intraruminal infusions of different amounts of urea. Griswold et al. (2003) also observed an increase in total VFA concentrations in continuous culture when urea was added to the artificial saliva. Urea addition to the cultures resulted in increases in ammonia N concentrations from 0.26 to 6.01 and 0.21 to 6.11 mg/dL. Although there is a difference in the range of observed ammonia N concentrations, the findings of Slyter et al. (1979) and Griswold et al. (2003) agree with those in the present experiment in that urea addition resulted in an increase in total VFA concentrations. Unlike the observations in the current experiment, Hume et al. (1970) found no differences in ruminal concentrations of total VFA when ruminal ammonia N concentrations were increased in sheep fed a protein-free purified diet 12 times daily. Reynal and Broderick (2005) observed a quadratic effect of dietary RDP concentrations on ruminal VFA concentrations. The ruminal ammonia N concentrations observed by Reynal and Broderick (2005) were 5.7, 8.7, 11.8, and 12.3 mg/dL and total ruminal VFA concentrations were 92, 86, 81, and 91 mM, respectively. Due to the differences described in the aforementioned studies regarding ruminal VFA concentrations in response to increasing ammonia N concentrations and the lack of an effect of urea supplementation on ruminal digestibility parameters in the present experiment, the increase in total ruminal VFA concentrations with increasing urea supplementation is difficult to explain. The differences in these reported observations could be due to differences in the fermentability of the diets fed, the experimental model used, and the manner in which ammonia N concentrations were altered (i.e., urea infusion, feeding urea and solvent SBM, etc.).
In Situ Degradability
There was no effect of increasing urea supplementation, and therefore increasing ruminal ammonia N concentrations, on in situ determined rates of degradation of corn silage, ground corn, or SBM in the present experiment (Table 5 ). The reported optimum ruminal ammonia N concentration required for maximum degradation rates of feedstuffs determined in situ varies within and among feedstuffs (Mehrez et al., 1977; Erdman et al., 1986; Odle and Schaeffer, 1987) . Odle and Schaeffer (1987) observed that the optimum ruminal ammonia N concentration for maximum rate of degradation determined in situ for ground corn was 6.1 mg/dL in Holstein steers fed a cracked corn and ground corn cob diet supplemented with ammonium acetate hourly. If this value is correct, then a response in ruminal degradation rates of corn grain to greater ruminal ammonia N concentrations, as observed in the current experiment, would not be expected. In contrast, Erdman et al. (1986) observed that the optimum ruminal ammonia N concentration for maximum ED of DM, determined in situ, of corn grain and SBM was 25.0 mg/dL in nonlactating cows fed a diet containing 47% ground corn, 50% cottonseed hulls, and 3% vitamins and minerals twice daily. In that study (Erdman et al., 1986) , urea was continuously infused into the rumen at 0, 33, 67, and 100 g/d, which resulted in mean ruminal ammonia N concentrations of 4. 3, 10.1, 17.2, and 25.0 mg/dL, respectively. Erdman et al. (1986) also determined that the ruminal ammonia N concentration required to maximize ED of DM for corn gluten feed and cottonseed meal was17.0 mg/dL. Effective degradation of DM for alfalfa hay declined slightly with increasing ruminal ammonia N concentrations: 60.4, 59.9, 57.9, and 58.0% for ruminal ammonia N concentrations of 4.3, 10.1, 17.2, and 25.0 mg/dL, respectively (Erdman et al., 1986) . Although our data do not agree with the observations of Erdman et al. (1986) , it has been suggested that the optimum ruminal ammonia N concentration for maximum EDDM is dependent on the fermentability of the diet fed, the chemical and physical structure of the feedstuff, the animal models used, and the method used to increase ruminal ammonia N concentrations (Erdman et al., 1986; Odle and Schaeffer, 1987) . The diets fed in the current experiment, the animal model used, and the method of urea supplementation all varied between the present study and that of Erdman et al. (1986) , which may explain the discrepancies between the results.
To our knowledge, the optimum ruminal ammonia N concentration required to maximize rate of degradation of corn silage has not been reported. Corn silage was the main forage (32% of diet DM; Table 1) in the basal diet fed in the present study; therefore, an effect of urea treatment on the ED of corn silage would likely have been reflected in differences in ruminal digestibility of diet DM, OM, and NDF. Indeed, there was no effect of urea supplementation on digestibility of diet DM, OM, and NDF or ED of DM and ED of NDF of corn silage (Tables 4 and 5) .
Microbial Protein Flow and Efficiency
The 2 major dietary components that are required by ruminal microorganisms for synthesis of protein are fermentable carbohydrates and RDP. Because the carbohydrate composition of the diets was similar among dietary treatments (Table 2) and there was no effect of urea supplementation on ruminal digestibility of diet OM and CHO or ED of DM for corn silage, ground corn, or SBM, it is assumed that carbohydrate availability to the ruminal microorganisms was the same across diets. However, the amount of RDP increased with the addition of urea to the diets, and a quadratic effect of treatment on microbial protein flow and efficiency of microbial protein synthesis was observed with maximum responses at dietary RDP concentrations of 10.8 and 10.0% of DM, respectively (RDP concentration of control diet was 9.2% of diet DM). Therefore, it appears that ammonia N, not availability of carbohydrates, was limiting microbial protein synthesis in the control diet. However, microbial protein synthesis was also limited by excessive ruminal ammonia N concentrations (17.4 mg/dL) when the 0.9% urea diet was fed. Considering these results, we conclude that the optimum ruminal ammonia N concentration required to support maxi-mum flow of microbial protein to the duodenum was 12.8 mg/dL, and mean ruminal concentrations below 11.9 mg/dL and above 12.8 mg/dL may depress synthesis of microbial protein (Table 6 ) in the diet fed. Kang-Meznarich and Broderick (1981) reported that 8.5 mg/dL of ammonia N in rumen fluid was sufficient for maximum content of microbial protein (measured by ruminal content of diaminopimelic acid) in the rumen of 2 nonlactating Holstein cows. Satter and Slyter (1974) determined the ammonia N requirements of mixed ruminal bacteria for microbial protein synthesis in continuous culture using a variety of substrate mixtures and tungstic acid-precipitable-N as a marker for microbial protein. The authors observed that an ammonia N concentration of 5.0 mg/dL was adequate to support maximum growth rates of rumen bacteria; however, they also noted that the precise limiting ammonia N concentration was closer to 2.0 mg/dL. Slyter et al. (1979) observed that concentrations of tungstic acid-precipitable-N, used to estimate changes in ruminal concentrations of microbial protein, were maximized at a ruminal ammonia N concentration of 2.2 mg/dL. Concentrations of tungstic acid-precipitable-N were not increased at greater ruminal ammonia N concentrations up to 22.5 mg/dL. In these studies, urea was either infused continuously or fed hourly, which would result in more stable ruminal ammonia N concentrations than are normally observed in lactating cows. In the present experiment, ruminal ammonia N concentrations fluctuated in response to time of feeding, which resulted in major changes in ruminal ammonia N concentrations within treatments over a 24-h period (Figure 1) . It is possible that if the ammonia N concentration were more stable, then the mean ammonia N concentration required by the microorganisms to maximize synthesis of microbial protein would be reduced due to a constant availability of a N source. However, a ruminal ammonia N pattern similar to that observed in the current experiment would be expected in practical feeding situations when TMR are fed. Reynal and Broderick (2005) fed diets varying in RDP concentrations (7.7, 9.2, 10.9, and 12.5% of diet DM) to lactating cows with urea mixed into the TMR. The diets were fed twice daily, which is more similar to the feeding regimen used in the present experiment. They observed a linear increase in microbial NAN flow to the omasal canal in response to increasing dietary RDP. The greatest concentration of RDP fed was 12.6% of diet DM and corresponded to the greatest observed mean ruminal ammonia N concentration of 12.3 mg/dL (Reynal and Broderick, 2005) . In the current experiment, the greatest dietary RDP concentration fed was 11.6% of diet DM; however, the greatest mean ruminal ammonia N concentration was 17.4 mg/dL. Reynal (2005) increased dietary RDP concentrations by the addition of a combination of urea and true protein (from solvent SBM), whereas in the present study, RDP concentrations were increased solely by increasing dietary inclusion rates of urea. The difference between the 2 studies in RDP source may explain the differences in ruminal ammonia N concentrations observed at similar RDP levels. Soybean meal provides a mixture of AA, peptides, and ammonia, whereas urea provides only ammonia. The differences in the observed maximum mean ruminal ammonia N concentrations in the present study and those observed by Reynal and Broderick (2005) may also explain why they observed a linear increase in microbial protein flow, whereas we observed a quadratic effect on microbial protein flow. Kang-Meznarich and Broderick (1981) observed that bacterial CP yields (estimated from ruminal diaminopimelic acid concentrations) appeared to be lower at ruminal ammonia N concentrations above 13.8 mg/dL, which supports the findings in the current study. It is possible that the ruminal ammonia N concentrations observed by Reynal and Broderick (2005) were not high enough (greatest: 12.3 mg/dL) to detect a quadratic response of microbial protein flow to the omasum, as was observed in the current study and by Kang-Meznarich and Broderick (1981) .
Microbial efficiency expressed as grams of microbial-N/kilogram of OMTD, grams of microbial-N/kilogram of CHOTD, grams of microbial-N/kilogram of DMI, and grams of microbial-N/gram of RDP-N was maximized in the present experiment at an average ruminal ammonia N concentration of 11.9 mg/dL (0.3% urea supplementation) and was lowest at the ruminal ammonia N concentration of 17.4 mg/dL (0.9% urea supplementation; Table 6 ). Based on a review of experimental data, Robinson (1996) reported that microbial efficiency (g of microbial N/kg of DMI) declines when ruminal ammonia N concentrations increase above 11.0 mg/dL. In the current experiment, microbial efficiency expressed as grams of microbial N/kilogram of DMI only declined when the mean ruminal ammonia N concentration was 17.4 mg/dL (Table 6 ). However, based on the mean ruminal ammonia N and microbial efficiency values that we observed, we conclude that the mean ruminal ammonia N concentrations required to maximize microbial efficiency would range from 11 to 13 mg/dL. Kang-Meznarich and Broderick (1981) calculated bacterial efficiency as grams of microbial-N/100 kilograms of DM digested and, although numerically, bacterial efficiency was lower at ruminal ammonia N concentrations below 8.5 (1.3 and 3.3 mg/dL) and above 13.8 mg/dL (22.8 and 28.9 mg/dL), the differences were not significant. Kang-Meznarich and Broderick (1981) speculated that these measurements lacked clear statistical inference due to the variability in other parameters used to compute bacterial efficiency.
Passage of AA to the Duodenum and Plasma AA Concentrations
Passage of AA to the duodenum was measured in the current experiment; however, the data are not presented because there were no treatment effects on these measurements or on the profile of AA in duodenal digesta. Although there was a quadratic effect of treatment on flow of microbial protein to the duodenum in the present experiment, flow of NAN was not affected by urea supplementation (Table 6 ). Therefore, microbial N as a percentage of NAN increased with 0.3 and 0.6% urea supplementation, and NANMN as a percentage of NAN decreased with 0.3 and 0.6% urea supplementation. Because NAN flow to the duodenum was not affected by treatment, an increase in AA flow would also not be expected. Reynal and Broderick (2005) also observed an increase in flow of microbial protein to the omasum when diets with increasing RDP concentrations were fed to lactating cows, but did not observe an effect on flow of total AA to the omasum.
Although there was no effect of urea supplementation on flow of AA to the duodenum, there was a quadratic effect of treatment on total plasma AA concentrations (Table 7) . There was a trend (P = 0.10) for a quadratic effect of urea treatment on plasma concentrations of arginine and a significant quadratic effect of treatment on threonine and citrulline concentrations. The greatest concentrations were observed at ruminal ammonia N concentrations of 9.0 and 17.4 mg/dL. Slyter et al. (1979) observed that urea supplementation of a corn and hay diet decreased plasma concentrations of threonine and increased plasma concentrations of arginine and citrulline in steers. In that study (Slyter et al., 1979) , ruminal ammonia N concentrations observed ranged from 1.1 to 22.5 mg/dL. The changes in plasma concentrations of the aforementioned AA were observed when ruminal ammonia N concentrations increased from 1.1 to 2.2 mg/dL (Slyter et al., 1979) . Changes in other plasma AA concentrations were not observed at greater ruminal ammonia N concentrations. Changes in plasma AA concentrations of threonine in this study were not expected; however, arginine and citrulline are intermediates in the urea cycle, so changes in plasma concentrations of these AA with increasing ruminal ammonia N concentrations were expected. Capture of ammonia N by rumen microbes as determined by flow of microbial protein and microbial efficiency was also lowest with 0 and 0.9% urea supplementation, which might have affected urea cycle activity. 
Milk Components
Production responses to varying concentrations of ammonia N in ruminal digesta were not expected because late-lactation animals were used in the current study. Indeed, increasing urea supplementation did not affect milk yield, milk true protein yield, milk fat yield and concentration, or the efficiency of conversion of feed to milk (Table 8 ). However, the efficiency of conversion of feed N to milk N decreased with increasing urea supplementation. This response was expected because RDP requirements (NRC, 2001) were exceeded with the 0.6 and 0.9% urea diets (Table 2 ).
An inverse relationship between milk true protein (decreased linearly) and MUN (increased linearly) concentrations was observed in the current experiment with increasing urea supplementation. This finding is supported by Johnson and Young (2003) , who observed an inverse relationship between MUN concentrations and milk true protein concentrations when DHI records for western commercial dairy herds were analyzed. Concentrations of MUN were expected to increase because CP concentrations of the diets increased. The direct relationship between MUN and dietary CP concentrations is well documented (Frank and Swensson, 2002; Nousiainen et al., 2004) .
CONCLUSIONS
The optimum ruminal ammonia N concentration required to support maximum ruminal digestibility of diet OM or ED of DM of feedstuffs when a corn silagebased diet is fed to lactating cows appears to be lower than the ruminal ammonia N concentration required to support maximum synthesis of microbial protein. The optimum ruminal ammonia N concentration required to support maximum synthesis of microbial protein and maximum efficiency of microbial protein synthesis when a corn silage-based diet is fed to lactating cows was determined to be between 11 and 13 mg/dL, achieved when dietary RDP concentrations were 10.0 and 10.8% of diet DM and dietary urea concentrations were 0.3 and 0.6%. It appears that without dietary inclusion of supplemental urea, ruminal ammonia N concentrations limited microbial protein synthesis, but did not limit diet digestibility. Adding urea to a corn silagebased diet such that RDP requirements (NRC, 2001) exceed 110% may depress microbial protein synthesis.
